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Interference-induced gain in the Autler-Townes doublet of a V-type atom in a cavity
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We study the Autler-Townes spectrum of a V-type atom coupled to a single-mode, frequency-tunable cavity
field at finite temperature, with a pre-selected polarization in the bad cavity limit, and show that, when the
mean number of thermal photonsN@1 and the excited sublevel splitting is very large~of the same order as the
cavity linewidth!, probe gain may occur at either sideband of the doublet, depending on the cavity frequency,
due to cavity-induced quantum interference. It is also possible to choose the cavity detuning so that one of the
Autler-Townes sidebands vanishes.
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In recent years, there has been a resurgence of intere
the phenomenon of quantum interference@1#. It provides the
origin of many new effects and applications of quantum o
tics, such as lasing without population inversion@2#, electro-
magnetically induced transparency@3#, enhancement of the
index of refraction without absorption@4#, fluorescence
quenching@5–8#, and spectral line narrowing@6,9#.

The basic system consists of a singlet state connected
closely spaced excited doublet by a single-mode laser. Ca
monaet al. @5,6# studied the effect of quantum interferen
on the resonance fluorescence of such a system, and f
that it can be driven into a dark state in which quantu
interference prevents any fluorescence from the excited
levels, regardless of the intensity of the exciting laser.
have recently shown that quantum interference can also
to narrow resonances, transparency, and gain without p
lation inversion in the probe absorption spectrum of such
atomic system@10#.

Harris and co-workers@2# generalized the V-type atom t
systems where the excited doublets decay to an additi
continuum or to a single auxiliary level, in addition to th
ground state. They found that at a certain frequency the
sorption rate goes to zero due to destructive interfere
whereas the emission rate remains finite. It is possible
amplify a laser field at this frequency without populatio
inversion being present. In the case of a single auxili
level, quantum interference can lead to the elimination of
spectral line at the driving laser frequency in the spontane
emission spectrum@7# and transparency in the absorptio
spectrum@11#.

An experimental investigation of interference-induc
suppression of spontaneous emission was carried out in
dium dimers, where the excited sublevels are superposit
of singlet and triplet states that are mixed by a spin-o
interaction@8,12#. A subsequent experiment failed to obser
the same features@13#. A detailed theoretical investigation o
this system has recently been provided, which found that
number of peaks in the spectrum depends upon the excita
process@14#.
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It is important for all these effects that the dipole m
ments of the transitions involved are parallel, or very nea
so, so that thecross-decay termsare maximal. In practice
however, it is difficult to find isolated atomic systems th
have parallel moments@2,5,12,17#. Various alternative pro-
posals@15,17,18# have been made for generating quantu
interference effects. For example, if the two upper levels o
V-type atom are coupled by a microwave field or an appl
laser, the excited doublet becomes a superposition, so th
the atom decays from one of the excited sublevels it dri
the other. For such systems, cross-decay terms are evide
the atomic dressed picture@15#. The experimental observa
tion of destructive interference between the transition pr
ability amplitudes from the ground state to the excited do
blets~dressed states! in terms of electromagnetically induce
transparency has been reported in many laboratories@3,16#.

Patnaik and Agarwal have shown that the effect of qu
tum interference can also occur in a four-level atom with t
closely spaced intermediate states coupled to a two-m
cavity with preselected polarizations@17#. Recently, Agarwal
@18# has proposed a scheme whereby quantum interfere
can be produced by the anisotropy of the electromagn
vacuum, for closely spaced states. A cavity could natura
provide the implementation of the proposal@18#.

We have recently also proposed a scheme for the e
neering of quantum interference~the production of parallel
or antiparallel dipole moments! in a V-type atom coupled to
a frequency-tunable, single-mode cavity field with a pre
lected polarization at zero temperature@19#. We have found
that the effects of the cavity-induced interference are p
nounced only when the cavity detuningd and the excited
doublet splittingv21 are much less than the cavity linewidt
2k. Here we shall extend the study to a cavity damped b
thermal reservoirat finite temperature, so that the mea
number of thermal photonsN in the cavity mode is nonzero
We show that, even in the case whend and v21 are of the
same order as the cavity linewidth 2k, the cavity-induced
interference is still significant whenN@1, and that
interference-assisted gain may occur in one componen
the Autler-Townes doublet for a certain cavity resonant f
quency. Such interference-related gain in the Autler-Tow
doublet is also reported in free space@20#. We note that Ref.
@20# presented a scheme for detecting the quantum inter
©2001 The American Physical Society18-1
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ence resulting from nonorthogonally oriented dipole tran
tions in free space, by a sophisticated arrangement of
pump and probe lasers, rather than for generating quan
interference.

Our model consists of a V-type atom with the grou
stateu0& coupled by the single-mode cavity field to the e
cited doubletu1&,u2&. Direct transitions between the excite
sublevelsu1& andu2& are dipole forbidden. The master equ
tion for the total density matrix operatorrT in the frame
rotating with the average atomic transition frequencyv0
5(v101v20)/2 takes the form

ṙT52 i @HA1HC1HI ,rT#1LrT , ~1!

where

HC5da†a, ~2a!

HA5
1

2
v21~A222A11!, ~2b!

HI5 i ~g1A011g2A02!a
†2H.c., ~2c!

LrT5k~N11!~2arTa†2a†arT2rTa†a!

1kN~2a†rTa2aa†rT2rTaa†! ~2d!

with

d5vC2v0 , v215E22E1 ,

gi5el•d0iA\vC

2e0V
~ i 51,2!. ~3!

HereHC , HA , andHI are the unperturbed cavity, the unpe
turbed atom, and the cavity-atom interaction Hamiltonia
respectively, whileLrT describes damping of the cavity fiel
by the continuum electromagnetic modes at finite tempe
ture, characterized by the decay constantk and the mean
number of thermal photonsN; a anda† are the photon anni
hilation and creation operators of the cavity mode, andAi j
5u i &^ j u is the atomic population~the dipole transition! op-
erator for i 5 j ( iÞ j ); d is the cavity detuning from the
average atomic transition frequency,v21 is the splitting of
the excited doublet of the atom, andgi is the atom-cavity
coupling constant, expressed in terms ofdi j , the dipole mo-
ment of the atomic transition fromu j & to u i &, el , the polar-
ization of the cavity mode, andV, the volume of the system
For simplicity, we assume here that the atomic spontane
decay through the sides of the cavity can be neglected. In
remainder of this work we assume that the polarization of
cavity field is preselected, i.e., the polarization indexl is
fixed to one of two possible directions.

In this paper we are interested in the bad cavity limitk
@gi , that is, the atom-cavity coupling is weak, and the ca
ity has a lowQ so that the cavity field decay dominates. T
cavity field response to the continuum modes is much fa
than that produced by its interaction with the atom, so t
the atom always experiences the cavity mode in the s
induced by the thermal reservoir. Thus one can adiabatic
03381
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eliminate the cavity-mode variables, giving rise to a mas
equation for the atomic variables only@21#, which takes the
form

ṙ52 i @HA ,r#1$F~v21!~N11!@ ug1u2~A01rA102A11r!

1g1g2* ~A01rA202A21r!#1F~2v21!~N11!

3@ ug2u2~A02rA202A22r!1g1* g2~A02rA102A12r!#

1F~v21!N@ ug1u2~A10rA012rA00!1g1g2* A20rA01#

1F~2v21!N@ ug2u2~A20rA022rA00!1g1* g2A10rA02#

1H.c.%, ~4!

whereF(6v21)5@k1 i (d6v21/2)#21.
Obviously, Eq.~4! describes cavity-induced atomic deca

into the cavity mode. The real part ofF(6v21)ugj u2 repre-
sents the cavity-induced decay rate of the atomic exc
level j (51,2), while the imaginary part is associated wi
the frequency shift of the atomic level resulting from th
interaction with the vacuum field in the detuned cavity. T
other terms, F(6v21)gigj* , (iÞ j ), however, represen
cavity-induced correlated transitions of the atom, i.e.,
emission followed by an absorption of the same photon o
different transition, (u1&→u0&→u2& or u2&→u0&→u1&),
which give rise to the effect of quantum interference.

The effect of quantum interference is very sensitive to
orientations of the atomic dipoles and the polarization of
cavity mode. For instance, if the cavity-field polarization
not preselected, as in free space, one must replacegigj* by
the sum over the two possible polarization directions, giv
Slgigj* }d0i•d0 j* @17#. Therefore, only nonorthogonal dipol
transitions lead to nonzero contributions, and the maxim
interference effect occurs with the two dipoles parallel.
pointed out in Refs.@2,5,17,12#, however, it is questionable
whether there is an isolated atomic system with parallel
poles. Otherwise, if the polarization of the cavity mode
fixed, say el5ex , the polarization direction along thex
quantization axis, thengigj* }(d0i)x(d0 j* )x , which is nonva-
nishing, regardless of the orientation of the atomic dip
matrix elements.

It is apparent that ifk@d, v21, the frequency shifts are
negligibly small @19#, and thus Eq.~4! reduces to that of a
V-type atom with two parallel transition matrix elements
free space@5,6,10#. In the following we shall discuss the
effect of quantum interference by examining this system
steady-state absorption spectrum, which is defined as

A~v!5ReE
0

`

lim
t→`

^@P~ t1t!,P†~ t !#&eivtdt, ~5!

where v5vp2v0 , vp being the frequency of the prob
field, and P(t)5d1A011d2A02 is the component of the
atomic polarization operator in the direction of the pro
field polarization vectorep , with di5ep•d0i . With the help
of the quantum regression theorem, one can calculate
spectrum from the Bloch equations
8-2
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^Ȧ11&52@F~v21!1F* ~v21!#ug1u2@~N11!^A11&2N^A00&#

2F~2v21!g1* g2~N11!^A12&

2F* ~2v21!g1g2* ~N11!^A21&,

^Ȧ22&52@F~2v21!1F* ~2v21!#ug2u2@~N11!^A22&

2N^A00&#2F* ~v21!g1* g2~N11!^A12&

2F~v21!g1g2* ~N11!^A21&,

^Ȧ12&52F~v21!g1g2* ~N11!^A11&2F* ~2v21!g1g2* ~N

11!^A22&1@F~v21!1F* ~2v21!#g1g2* N^A00&

2@F* ~v21!ug1u2~N11!1F~2v21!ug2u2~N11!

1 iv21#^A12&,

^Ȧ01&52FF~v21!ug1u2~2N11!1F~2v21!ug2u2N2 i
v21

2 G
3^A01&2F~2v21!g1* g2~N11!^A02&,

^Ȧ02&52FF~v21!ug1u2N1F~2v21!ug2u2~2N11!1 i
v21

2 G
3^A02&2F~v21!g1g2* ~N11!^A01&. ~6!

To monitor quantum interference, we insert a factorh
(50,1) in the cross-transition termsgigj* . Whenh50, the
cross transitions are switched off, so no quantum interfere
is present. Otherwise, the effect of quantum interferenc
maximal.

It will be shown that for dominant quantum interferen
effects we need to work in the regionv21>k and N@1.
Physically, the incoherent thermal reservoir plays the role
a driving field here, and the conditionN@1 ensures that the
stimulated and spontaneous decay rates are approxim
equal. The conditionv21>k means that the cavity mode ca
couple to the two transition channels. The detuningd can
vary over a very wide range and the spectra still show in
esting features, as the following figures illustrate. Howev
in the limit d@v21, the effects of quantum interference va
ish.

Figure 1 shows the Autler-Townes spectra forg15g2
510, k5v215100, N510, and different cavity detunings
In the absence of interference (h50), the two transition
pathsu0&↔u1& and u0&↔u2& are independent. These transi-
tions lead to the lower and higher frequency sidebands of
absorption doublet, respectively. It is not difficult to see th
the spectral heights and linewidths are mainly determined
the cavity-induced decay constantsg i( i 51,2) of the excited
states, which have the forms

g15
kug1u2

k21~d1v21/2!2
, g25

kug2u2

k21~d2v21/2!2
, ~7!
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and depend on the cavity frequency. It is evident thatg1

,g2 when d.0, and bothg1 and g2 decrease asd in-
creases. Noting that the lower and higher frequency pe
have linewidths G l5g1(2N11)1g2N and Gh5g1N
1g2(2N11), and have heights proportional toG l ,h

21 , the
lower frequency sideband is slightly higher than the high
frequency one ford.0 and both sidebands can be narrow
by increasing the cavity detuning. See, for example,
dashed lines in the following three figures.

The spectral features are dramatically modified in
presence of the cavity-induced interference (h51). When
the cavity is resonant with the average frequency of
atomic transitions,d50, the doublet is symmetric, and it
sidebands are higher and wider than that forh50, as shown
in Figs. 1~a!, 2~a!, and 3~a!. Otherwise, it is asymmetric
Either sideband of the doublet can be suppressed, depen
upon the cavity frequency, e.g., the higher frequency si
band is suppressed ford510, 50, and 100, see in Figs. 1~b!–
1~d!, while the sideband is enhanced ford5200, shown in
Fig. 1~e!. When the cavity frequency is far off resonant wi
the atomic transition frequencies, sayd5500 as in Fig. 1~f!,
the absorption spectra forh50 and 1 are virtually the same
that is, the effect of cavity-induced interference is negligib
small.

Rather surprisingly, Fig. 1~c! shows probe gain in the
higher frequency sideband, without the help of any coher
pumping. Moreover, increasing the mean number of ther
photonsN may enhance the probe gain; see, for instan
Fig. 2 forN520, in which higher frequency probe gain eve
occurs for a relatively small cavity detuning, such asd510
in Fig. 2~b!. By contrast, when the detuning is very large, t
probe beam can be amplified at the lower frequency s
band, rather than at the higher frequency one, as show

FIG. 1. Absorption spectrum forg15g2510, k5100, v21

5100, N510, andd50, 10, 50, 100, 200, 500 in~a!–~f!, respec-
tively. In Figs. 1–3 the solid curves represent the spectrum in
presence of the maximal interference (h51), while the dashed
curves are the spectrum in the absence of the interference (h50).
8-3
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PENG ZHOU, S. SWAIN, AND L. YOU PHYSICAL REVIEW A63 033818
Fig. 2~e! for d5200, for example. Figure 2 also shows th
the linewidths are broadened for a large number of ther
photons.

In Fig. 3, we present the Autler-Townes spectrum fo
large excited level splitting,v215200, and a large number o
thermal photons,N520. We find that more pronounced gai
as compared with that forv215100, is displayed at the lowe
frequency sideband ford510, 50, and 100, and at the high
frequency sideband ford5200. One also finds that for th
larger level splitting the effect of the cavity-induced interfe
ence is still significant whend5500, as shown in Fig. 3~f!,
where the lower frequency peak is almost suppressed w
the higher is greatly enhanced. However, whend@v21, say
for d51000, the effect of the interference disappears.~We
have presented no figure here.!

In what follows, we shall see that the probe gain is
direct consequence of the cavity-induced quantum inter
ence between the two transition pathsu0&↔u1& and

FIG. 2. Same as Fig. 1, but withN520.

FIG. 3. Same as Fig.1, but withv215200 andN520.
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u0&↔u2&. The gain at each sideband has a different orig
To show this, we first plot the steady-state population diff
ences between the excited sublevels and the ground le
^A11&2^A00& and ^A22&2^A00&, and the coherence betwee
the excited sublevels,^A12&, against the cavity detuningd in
Fig. 4 for g15g2510, k5100, v215200, andN520. It is
clear that the steady-state populations and coherence
highly dependent on the cavity frequency. The coherenc
symmetric with the cavity detuning and reaches its ma
mum value atd50, while the population differences ar
asymmetric. Furthermore, population inversion may
achieved for certain cavity frequencies, for example,
143.8,d,650, then^A11&2^A00&.0, while ^A22&.^A00&
in the region2650,d,2143.8. Therefore, the gain in th
region of 2143.8,d,143.8 must stem from the cavity
induced steady-state coherence between the two dip
forbidden excited sublevels, rather than from the populat
inversion between the two dipole transition levels. Howev
population inversions may result in probe gain when the c
ity detuning is in the regions2650,d,2143.8 and 143.8
,d,650. We thus conclude that, in the case ofd.0, as
shown in Figs. 1–3, the gain at the lower frequency sideb
comes from the contribution of the steady-state atomic
herencê A12&, while the gain at the other sideband is attri
uted to the steady-state population inversion (^A11&
.^A00&).

Noting that, in the absence of interference (h50), the
quantities ^A11&5^A22&5N/(3N11), ^A00&5(N11)/(3N
11), and^A12&50 are independent of the cavity detunin
the cavity frequency dependence of the steady-state pop
tions and coherence is a manifestation of cavity-induc
quantum interference.

To further explore the origin of the probe gain, we sep
rate the Autler-Townes spectrum into two parts, in whi
one corresponds to the contribution of the populations, wh
the other results from the coherence, in Fig. 5, forg15g2
510, k5100, v215200, N520, and various cavity fre-

FIG. 4. The steady-state population differences and cohere
vs the cavity detuning, forg15g2510, v215200, N520, andh
51. The solid, dashed, and dot-dashed lines respectively repre
(^A11&2^A00&), (^A22&2^A00&), and Re(̂A12&).
8-4
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FIG. 5. Different contributions to the absorp
tion spectrum, for g15g2510, k5100, v21

5200, N520, h51, andd50, 50, 100, 200 in
~a!–~d!, respectively. The solid curves represe
the contributions of the population difference
while the dashed curves are those of the coh
ences.
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quencies. It is obvious that whend50, 50, and 100 the con
tributions of the coherence to the spectrum are negative~i.e.,
probe gain!, whereas the populations make positive contrib
tions; see, for example, Figs. 5~a!–5~c!. One can also see tha
the spectral component resulting from the populations
symmetric only whend50; otherwise, it has different value
at the lower and higher frequency sidebands, which are
portional to (̂ A00&2^A11&) and (̂ A00&2^A22&), respec-
tively. As shown in Fig. 4, if the cavity detuning is zero, the
(^A00&2^A11&)5(^A00&2^A22&), whereas (̂A00&2^A11&)
.(^A00&2^A22&) for d550 and 100. As a result, the lowe
frequency peak is higher than the other in the casesd550
andd5100. The total spectrum may therefore exhibit pro
gain at the higher frequency sideband at these cavity
quencies. See for example, Figs. 3~c! and 3~d!. The gain is
purely attributable to the cavity-induced steady-state ato
coherence. However, whend5200, the situation is reversed
the coherence gives rise to probe absorption, while the po
lations lead to gain at the lower frequency sideband, du
population inversion between the levelsu0& andu1&, as illus-
trated in Fig. 4.

In summary, we have shown that maximal quantum int
ference can be achieved in a V-type atom coupled t
ys
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single-mode, frequency-tunable cavity field at a finite te
perature, with a preselected polarization in the bad ca
limit. There are no special restrictions on the atomic dip
moments, as long as the polarization of the cavity field
preselected. We have investigated the cavity modification
the Autler-Townes spectrum of this system, and predic
probe gain at either sideband of the doublet, depending u
the cavity resonant frequency, when the excited suble
splitting is very large~of the same order as the cavity line
width! and the mean number of thermal photons greatly
ceeds unity. The gain occurring at different sidebands
different origins: ford.0, the lower frequency gain is due t
the nonzero steady-state coherence, while the higher
quency gain is attributed to the steady-state population in
sion. Both the nonzero coherence and the population in
sion originate from cavity-induced quantum interference
is also possible to choose the detuning so that one of
Autler-Townes sidebands is suppressed.
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